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As scanning tunneling microscopy is pushed towards fast local dynamics, a quantitative understanding
of tunnel junctions under the inuence of a fast AC driving signal is required, especially at the ultra-low
temperatures relevant to spin dynamics and correlated electron states. We subject a superconductor-insulator-
superconductor junction to a microwave signal from an antenna mounted in situ and examine the DC response
of the contact to this driving signal. asi-particle tunneling and the Josephson eect can be interpreted in the
framework of Tien-Gordon theory. e situation is more complex when it comes to higher order eects such
as multiple Andreev reections. Microwave assisted tunneling unravel these complex processes, providing
deeper insights into tunneling than are available in a pure DC measurement.
I. INTRODUCTION
With its combination of supreme spatial resolution
and spectroscopic imaging, the scanning tunneling micro-
scope (STM) is a workhorse of mesoscopic and nanoscale
physics [1]. e technique remains plagued, however, by the
inherently low bandwidth of the transimpedance ampliers
required to measure the small tunnel current. Even so, there
is a growing desire to exploit the unique capabilities of the
STM to study nanoscale objects on their own time scales.
With the integration of high-frequency excitation methods
and development of pump-probe schemes in recent years,
this goal appears to be in reach [2–8]. A fast driving signal
is generally viewed as a means to excite fundamental modes
within the sample and study their dynamics. e eect of
the AC signal on the DC conductance is much less well ex-
plored. In this context, a quantitative understanding of the
response of the tunnel junction itself to a fast driving signal
is required, especially at the ultra-low temperatures relevant
to spin dynamics and correlated electron states.
Previous theoretical and experimental investigations into
this direction have focussed on tunneling between supercon-
ductors where conductance spectra are dominated by sharp
peaks which make the eect of microwave radiation easy to
discern [2, 3, 10, 12, 13]. is situation is especially interest-
ing as superconductor-insulator-superconductor (SIS) junc-
tions support multiple Andreev reections (MARs), permit-
ting us to study the interaction of microwave radiation with
higher order tunneling processes. On the theoretical level,
the problem is treated semi-classically with the microwave
signal leading to a time-dependent modulation of the bias
voltage dropping across the junction. asi-particles (QPs)
and Cooper pairs (CPs) thus show a similar reaction to the in-
cident radiation despite their stark dierences in physical ori-
gin. It has been suggested that microwave radiation couples
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FIG. 1. Microwave assisted tunneling in an SIS junction: (a) Sketch
of the experimental setup. A commercial STM is ed with a radio
frequency antenna delivering radiation to the junction. (b) Conduc-
tance spectrum in the tunneling regime without microwave signal
(light blue) and under microwave radiation at two dierent power
seings (dark blue with Vω = 0.2 mV and yellow with Vω = 1.3 mV)
with corresponding ts according to Eq. (1) respectively in orange
and purple. GN ≈ 8.4 × 10−3G0 for all spectra.
to the tunnel current through the total charge transferred be-
tween the electrodes in any given process [13].
Most data up to date has been analyzed in the frame-
work of the Tien-Gordon model, which treats tunneling
and microwave interaction as independent processes [3, 10].
More advanced theories suggest that SIS tunneling under
microwave irradiation must be understood through MARs
while accounting for microwave interactions at every step
of these higher order processes [14]. In this MAR model, the
microwave signal is modelled as a time-dependent phase dif-
ference between tip and sample electrodes and MARs arise
naturally through higher order terms. Interference between
particles traveling back and forth within the barrier are pre-
dicted to yield a very dierent result than the Tien-Gordon
approach. Here, we report measurements of QP, CP, and
MAR tunneling in an SIS junction under microwave irradi-
ation. ese experimental ndings are compared with pre-
dictions from the Tien-Gordon and the microwave-assisted
MAR models, respectively. Only the laer one is found to be
capable of correctly modeling the impact of microwave driv-
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2ing on the charge transfer process.
II. EXPERIMENTAL
We study SIS tunneling between a V(100) surface and
a vanadium tip in a commercial STM system (Unisoku
USM1300) operating at 300 mK base temperature and ed
with a custom-built antenna assembly capable of delivering
a microwave signal between 60 to 90 GHz to the junction, see
Fig. 1(a). e V(100) sample is prepared by repeated bombard-
ment with Ar+ ions at 1 keV and annealing at ≈650 ◦C, result-
ing in the well-known (5×1) oxygen reconstruction [15, 16].
e tip is cut from vanadium wire and cleaned by bom-
bardment with Ar+ ions before being transferred into the
STM and further prepared by controlled indentation into the
V(100) surface until a clean SIS signature is observed.
III. MEASUREMENT AND DISCUSSION
We begin our investigation in the tunneling regime at large
tip-sample distances where the normal state conductanceGN
is only a small fraction of the quantum of conductance G0 =
2e2/h, where e is the elementary charge and h the Planck
constant. Conductance spectra acquired above the pristine
V(100) surface show behavior typical for SIS junctions. A
representative data set is shown in Fig. 1(b) in light blue. e
primary features are two sharp coherence peaks separated
by twice the sum of the superconducting gap in tip and sam-
ple, ∆tip = 663 µeV and ∆sample = 710 µeV (see Supplemen-
tal Material for details) [17]. Such a low-temperature, low-
capacitance junction under AC driving has previously been
considered by Falci et al., who found the following expression
for the time-averaged DC tunnel current, also known as the
Tien-Gordon equation [3, 10, 17]:
I (V0,Vω ) =
∞∑
n=−∞
J 2n
(
eVω
~ω
)
I0
(
V0 − n~ω
e
)
. (1)
Here, V0 is the DC junction bias, Vω the amplitude of the
AC voltage resulting from the incident microwave, Jn are the
Bessel functions of the rst kind and order n, e is the elemen-
tary charge, ~ the reduced Planck constant,ω the angular fre-
quency of the microwave signal, and I0 is the tunnel current
in absence of irradiation. e same relationship follows for
the conductance signal G(V0,Vω ) = ddV0 I (V0,Vω ). Note that
though we study a SIS junction in the present case, Eq. (1)
will also hold for normal conducting samples.
We thus expect to observe a weighted replication of the
original signal at integer multiples of ~ω when subjecting the
junction to a microwave signal. is is indeed what is ob-
served in previous experiments [18–20]. Data from a tunnel
junction under microwave irradiation is shown in Fig. 1(b)
for two dierent source power seings in dark blue and yel-
low to highlight the eect of changing Vω . e initial eect
FIG. 2. Vω dependence of microwave assisted tunneling: (a) Stacked
contour plot of a series of conductance spectra of an SIS junction
under irradiation by a 65 GHz signal at varying Vω . e white
dashed lines demark the energy of the coherence peaks ±Vω . GN =
8.4 × 10−3G0. (b) Simulation of the data shown in panel (a) using
Eq. (1). (c) ConstantV0 proles of the experimental data in panel (a)
at the principal coherence peak (dark blue) and the rst (yellow) and
second (cyan) satellites, normalised to the maximum of the 0th or-
der peak. e dashed-doed lines are the Bessel functions of zeroth
(orange), rst (purple), and second (red) order in eVω~ω .
of a low-power microwave signal is a diminishing of the co-
herence peaks at ±(∆tip + ∆sample), coupled with the appear-
ance of satellite peaks oset by ±~ω (see dark blue curve in
Fig. 1(b) ). As the power level of the microwave source is in-
creased, higher order replica of the coherence peaks appear
at integer multiples of ±~ω (see yellow curve in Fig. 1(b) ).
We use Eq. (1) to t the experimental data using a reference
spectrum, acquired in absence of microwave radiation at the
same sample location, and the known value for ω, set at the
source module, as input with Vω as the only free parameter.
3FIG. 3. Junction at high microwave amplitude: Conductance spectrum of an unperturbed SIS junction (yellow) and of the same junction
under irradiation by the maximum possible RF signal in our setup (dark blue), equivalent to Vω = 13.62 meV at 70.02 GHz. e orange
curve is a t to the data using Eq. (1) and the reference spectrum in yellow as input data. Even at these extreme conditions, the data is well
reproduced. Discrepancies on the high positive bias side are due to a slight and unavoidable z-dri during data acquisition. e in-gap peaks
in the reference spectrum arise from a magnetic impurity state on the tip. GN = 5 × 10−3G0.
Fits to the experimental data are shown in orange and purple
in Fig. 1(b).
e predicted weighting of the replica by J 2n(eVω/~ω) be-
comes apparent when varying the source power level, and
thereby Vω , at xed frequency. We performed such a mea-
surement, acquiring a series conductance curves at a fre-
quency of 65 GHz with amplitudesVω between 0 and 3.8 mV.
Each curve is ed using Eq. (1) to extract Vω . e resulting
data set is shown as a stacked contour plot in Fig. 2(a). e
coherence peaks fan open as Vω gradually increases and the
spectral intensity of the principal peaks is distributed over a
wider energy range. A rich interference paern emerges in
a widening area around zero bias as replica from above and
below the Fermi level are woven together. e resulting pat-
tern can be fully understood by the superposition of coher-
ence peak replica. e agreement between the measured data
and the model in Eq. (1), shown in Fig. 2(b), is remarkable.
It is important to note that the energy oset of ~ω between
the peak replica should not be interpreted in terms of pho-
ton absorption from the microwave eld during the tunnel-
ing process. Instead, Eq. (1) is the result of the quantum me-
chanical motion of the electron in a time-dependent classical
potential of the form U (t) = eVω cos(ωt). e inclusion of
such a potential will naturally lead to the emergence of the
Bessel functions and the resulting eigenenergies will contain
components at E0, E0 ± ~ω, E0 ± 2~ω and so on [10]. As such,
the emergence of the satellite peaks in microwave assisted
tunneling are a manifestation of the quantum mechanical na-
ture of electrons in solids. Indeed, the work performed by the
classical microwave eld on electrons surpasses the photon
energy by far, thus placing the experiment in a eld-driven
regime [17, 21].
We extract proles at constant V0, shown in Fig. 2(c), from
the data and normalise the resulting curves to the maximum
intensity of the coherence peak at Vω = 0. e resulting
proles follow their respective low-order Bessel functions al-
most exactly. Minor discrepancies arise only at lowVω , where
the normal conducting background signal has a signicant
contribution.
It is interesting to note that Eq. (1) gives an accurate de-
scription of the junction even as eVω  2∆sample (ca. 1.52 mV
for the present case of vanadium). To push the limits of the
model, we examined the behavior of a typical SIS junction
when subjected to the highest intensity of microwave radi-
ation possible in our setup, where Vω reaches 13.62 mV at
70.02 GHz, corresponding to hν = 289 µeV, and is thus nearly
an order of magnitude larger than 2∆sample. e correspond-
ing data is shown in Fig. 3 (the in-gap peaks in the reference
spectrum in Fig. 3 arise from a magnetic impurity state on the
tip). Even in these extreme conditions, the experimental data
is still well described by the Tien-Gordon Eq. (1). Given that
an unperturbed reference spectrum is used in our modeling,
this result suggests that the superconductor remains undis-
turbed by the microwave signal. Indeed, the superconductor
is transparent at energies ~ω < 2∆sample as there are no nal
states available into which CPs could be excited [1].
A closer look at the Josephson eect further oers the pos-
sibility to study the eect of microwave radiation on tunnel-
ing between coherent electron states. Such measurements
have previously been performed by Roychowdhury and co-
workers, also employing the theoretical description by Falci
et al., who gave an expression strikingly similar to the Tien-
Gordon equation for the case of the Josephson current in the
tunneling regime [3, 13, 23]:
I (V0,Vω ) =
∞∑
n=−∞
J 2n
(
2eVω
~ω
)
I0
(
V0 − n~ω2e
)
. (2)
e only dierence to Eq. (1) is the replacement e → 2e .
Despite their stark dierence in physical origin, the QP and
the CP current show the same functional dependencies in
their interactions with the microwave radiation. In another
series of conductance spectra, shown as a contour plot in
Fig. 4, we measured the Josephson eect in the presence of
a microwave signal of increasing amplitude. Experimental
data is presented in Fig. 4(a). e Josephson peak at zero
bias is gradually fanning open with increasing Vω . Contri-
butions from MARs and the coherence peaks soon begin to
4FIG. 4. e Josephson eect under microwave irradiation: (a)
Stacked contour plot of a series of conductance spectra of an SIS
junction under irradiation by a 90 GHz signal at varying Vω with
a focus on the Josephson eect. Satellite peaks now appear at an
oset of ~ω/2. GN = 7.6 × 10−3G0. (b) Simulation of the data in
panel a) using an experimental conductance spectrum and Eq. (S12).
(c) Constant V0 proles of the experimental data in panel a) at the
principal Jospehson peak (dark blue) and the rst (yellow) and sec-
ond (cyan) satellites, nomalised to the maximum of the Josephson
peak at Vω = 0. e dashed-doed lines are the Bessel functions of
zeroth (orange), rst (purple), and second (red) order in 2eVω~ω .
inuence the relevant voltage range and restrict the mea-
surement to small Vω . e observed paern is a result of
sequential CP tunneling in a low-capacitance junction and
cannot be understood in terms of Shapiro steps, which re-
quire the phase dierence across the junction to be a good
quantum number [17]. In the tunnel junction of an STM at
ultra-low temperatures, the low junction capacitance leads to
signicant phase uctuations, such that the Josephson eect
has to be modelled as a sequential process within the P(E)-
theory [3, 13, 23–27]. A simulation of the data using Eq. (S12)
is shown in Fig. 4(b). Also in this case, the peak proles at
constantV0 follow the predicted Bessel function dependency
with great accuracy, as can be seen in Fig. 4(c).
Given the series of features oset by integer fractions of
~ω, it is tempting to think of the tunnel current as being car-
ried by a series of dressed electron states with total charge
q =me , wherem = 1 for QP tunneling,m = 2 for CP tunnel-
ing and m ≥ 2 for MARs, and each governed by an equation
of the form of Eqs. (1) and (S12) with the appropriate charge.
Indeed, such an interpretation of the microwave radiation
coupling to the total charge transferred between tip and sam-
ple during a tunnel process has been put forward [13]. is
idea is experimentally testable by considering MARs, which
naturally contain tunnel processes transferring integer mul-
tiples of the elementary charge across the junction.
Tunneling in an SIS junction must be understood in the
framework of MARs, the scaering processes permiing the
conversion of a normal current into a supercurrent. An
electron incident onto the superconductor from within the
barrier is reected as a hole, thereby transferring a charge
of 2e into the superconductor and forming a CP. As parti-
cles of opposite charge are traveling in opposite directions,
MAR processes can result in the transfer of multiple elemen-
tary charges across the junction. ere is thus no quasi-
particle analogue to CPs in Andreev transport to which the
microwave signal could be coupled and it is likely that the in-
teractions of all particles participating in an Andreev process
need to be considered explicitly to form a theoretical model of
the process. is is the approach of the microwave-assisted
MAR model in reference [14].
To investigate the eect of the microwave signal on An-
dreev transport, we increase the normal state conductance of
the junction by reducing the tip-sample distance. A repre-
sentative conductance spectrum of a high conductance junc-
tion with (GN = 1.07G0) can be found in Fig. 5(a) in dark
blue. In addition to the coherence peak located at ≈1.22 mV,
there are now a series of sub-gap features related to MARs.
Most prominent are the rst and second order MAR peaks
at ≈0.7 meV and ≈0.36 meV, respectively. A spectrum of
the same junction under microwave irradiation at 60 GHz is
shown in Fig. 5(a) in orange. At rst glance, the data seems to
support the idea of a charge-sensitive measurement as replica
from the rst and second MAR are found at the correct osets
of ≈ ~ω2e and ≈ ~ω3e , respectively.
A quantitative analysis of the data requires a thorough
characterization of the junction. is means, ideally, to de-
termine the number of conduction channels and their respec-
tive transmission probabilities, which are generically known
as the junction PIN code. is can be done by analyzing the
sub-gap structure in the absence of microwaves using the
standard MAR theory and ing procedures that are well
described in the literature [5–8, 28, 33]. For the case of the
data shown in Fig. 5(a), the PIN code analysis nds a total of
ve transport channels with transmissions τi = [0.416, 0.293,
0.115, 0.114, 0.112] (see Supplemental Material for more de-
tails on the PIN code analysis) [17]. is is consistent with
the d-band nature of vanadium [7, 8]. In addition to the junc-
5tion PIN code, the amplitude of the microwave signal at the
junction needs to be known. It is determined by acquiring a
conductance spectrum in the tunneling regime, where Eq. (1)
can be applied, and performing a t as described above.
Modeling the data according to the Tien-Gordon theory
further requires knowledge of the magnitudes of current con-
tributions carrying m elementary charges. Such a decompo-
sition of the total current is possible through full counting
statistics (FCS), where it is found that multiple charge pro-
cesses make a signicant contribution to the total current
across the junction and even dominate in the sub-gap regime
at high conductance [34–36]. e separate current contribu-
tions can then be treated using an adapted version of Eq. (1)
and the results compared to the MAR calculation [14].
e result of the FCS calculation as well as the individual
contributions to the total conductance are shown in Fig. 5(b).
e discrepancy around the rst MAR and additional struc-
ture below ca. 0.5 mV bias can be aributed to the diculty
in correctly accounting for broadening eects at the ultra-
low temperature of the experiment [27, 37]. Applying Eq. (1)
to the FCS result, accounting for multiple charge transfers
in the individual contributions, yields the orange curve in
Fig. 5(c) (’TG ansatz’). e total conductance obtained devi-
ates strongly from the experimental data, shown in dark blue,
even qualitatively. is approach is not able to correctly re-
produce the location of the peaks in the experimental data,
nor their magnitude. e microwave-assisted MAR model,
shown in yellow in Fig. 5(c), gives a much beer description
of the data. In particular, the location of the satellite peaks
of the rst MAR are predicted accurately. e error in their
height can be traced by to the original issue overestimating
the magnitude of the rst MAR in the FCS model.
A robust measure of the performance of either model is
found in the respective squared dierence to the data, χ 2.
Plots of χ 2 are shown in Fig. 5(d) for both models. e poor
performance of the TG ansatz around the rst MAR is ob-
vious. Signicant shortcomings in the area of the coher-
ence peak are also revealed. e aforementioned diculties
in modeling the peak broadening also lead to some discrep-
ancies around the rst Andreev reection in the case of the
MAR model, though smaller than for the TG ansatz. Across
the entire range of the spectrum, the MAR model performs
signicantly beer as can be gauged by summing the squared
dierences (see Fig. 5(d) ).
IV. CONCLUSIONS
e essential dierence between the Tien-Gordon and
microwave-assisted MAR models lies in the interaction be-
tween DC transport and the microwave signal. e Tien-
Gordon ansatz assumes a clear separation. is view of
tunneling breaks down when higher order processes are in-
cluded. e exact calculation, on the other hand, sees DC
transport and microwave eects as linked at the most fun-
damental of levels. QPs interact with the microwave signal
as part of the tunneling process, absorbing or emiing pack-
ets of energy. For the case of higher order processes such as
FIG. 5. modeling the interaction with the microwave signal: (a) Con-
ductance spectrum atGN = 1.07G0 in absence (dark blue) and pres-
ence (orange) of a microwave signal. e shaded areas mark energy
osets of ~ω (cyan), ~ω/2 (purple) and ~ω/3 (yellow). (b) Exper-
imental conductance spectrum (dark blue) and FCS model thereof
(orange). e individual contributions to the conductance from cur-
rents carrying q = 1, 2, 3, 4, 5 charges are shown in yellow, purple,
green, cyan, and red, respectively. e Josephson eect is not in-
cluded in the model. (c) Comparison of the TG ansatz (orange) and
exact calculation (yellow) to the experimental data (dark blue). (d)
Square dierence between the models and the experimental data.
e MAR theory gives a signicantly beer description of the data
than the TG Ansatz.
MARs, a pair of initial and nal states may be linked through
several pathways involving dierent interactions with the
microwave eld. Transport in the presence of an AC driv-
ing signal must then be understood as a sum over histories
of particles traveling back and forth across the barrier. e
success of the MAR model can thus be seen as a direct con-
sequence of multiple reections occurring within the barrier
and the interference of the particles involved.
6An AC driving signal applied to a tunnel junction cannot
be seen as only exciting fundamental modes within the sam-
ple, or as a simple broadening mechanism. e conductance
of the junction will necessarily be modied. In the simplest
cases, such as normal conducting samples and SIN or SIS
junctions well below 0.1 G0, this modication is well cap-
tured by the Tien-Gorden Eq. (1) and is equivalent to a re-
distribution of the density of states of the electrodes. is
simple model breaks down when higher order eects be-
come signicant. In superconducting junctions in particu-
lar, this is the case as soon as the rst Andreev reection
contributes signicantly to the current. More elaborate mod-
els are needed to understand the junction behavior in these
cases [14].
Microwave assisted tunneling is a signicant expansion of
the STM toolbox. By pulling back the curtain over higher
order tunnel processes, a microwave signal may be used to
reveal ne details about the nature of quantum mechanical
transport which are inherently unavailable in a pure DC mea-
surement. In the case of SIS junctions in particular, the inter-
ference between the microwave signal and the inherent AC
components of the supercurrent may be a pathway to observ-
ing signatures of the AC Josephson eect in superconducting
point contacts.
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7Supplemental Material for: Microwave-assisted
tunneling and interference eects in superconducting
junctions under fast driving signals
MODELING THE SIS TUNNEL CONDUCTANCE
In the BCS formalism, the density of states of a supercon-
ducting electrode is given by
ρ(ω) = Re
[
ω + iΓ√
(ω + iΓ )2 − ∆2
]
, (S3)
whereω is the energy, Γ a phenomenological broadening pa-
rameter, and∆ the order parameter. We model the SIS tunnel-
ing by convolving two densities of state of the form Eq. (S3).
e temperature is considered in a further convolution with
a Fermi step function [1].
FIELD-DRIVEN TUNNELING
A rough estimation of the work performed by the mi-
crowave eld in the experiment can be done on the basis of
the cycle-averaged quiver energy of a free charge in a har-
monic eld. is quantity, also known as the ponderomotive
energy, is given by:
Up =
e2E2ω
4meω2
, (S4)
where e is the elementary charge, Eω the electric eld am-
plitude, me the electron mass and ω the angular frequency
of the driving signal. e other relevant energy scale in the
problem is the photon energy ~ω. As typical tip-sample dis-
tances in the STM range on the order of 1 nm and typical
valued of Vω reached on our experiment range on the order
of 1 mV, we estimate Eω ≈ 1 × 106 V/m. us, at 90 GHz
Up ≈ 0.138 eV ~ω ≈ 8 × 10−4 eV. (S5)
e ponderomotive energy (S4) is thus nearly three orders
of magnitude larger than the photon energy and the behav-
ior of the junction is dominated by the action of the classical
electrical eld.
DYNAMICAL COULOMB BLOCKADE vs. PHASE
TUNNELING
e Josephson-eect is generally described in terms of
the global phase dierence ϕ between the Ginzburg-Landau
wave functions of the two electrodes [S1]. e Josephson re-
lation for the supercurrent
I J = IC sin(Φ), (S6)
where I J is the Josephson current and IC the critical current
of the junction, and the phase evolution
∂tϕ = 2
eV
~
, (S7)
where V is the junction bias, predict that the Jospehson su-
percurrent will contain AC components at non-zero bias.
When driven by a microwave signal, the total bias across the
junction will be
V (t) = V0 +Vω cos(ωt). (S8)
Integrating Eq. (S8) according to Eq. (S7) leads to the time-
dependent phase dierence
ϕ(t) = ϕ0 + 2eV0
~
t +
2eVω
~ω
sin(ωt). (S9)
Substituting this result into the Josephson relation (S6) yields
the expression
IS = IC
∑
n
(−1)n Jn
(
2eVω
~ω
)
sin
(
ϕ0 +
2eV0
~
t − nωt
)
. (S10)
Whenever the AC drive is synchronised with the phase ro-
tation, the time dependent terms in the sine cancel, leading
to a large DC contribution to the current, the famous Shapiro
steps [S2]. e amplitude of the nth Shapiro step is
|In | = I0
Jn ( 2eVω~ω ) . (S11)
is line of reasoning relies on the existence of a well-
dened phase dierence between the two electrodes of the
junction. is assumption does not necessarily hold for the
STM: e low capacitances of the sharp probe tip leads to a
signicant charging energy. Combined with the cryogenic
temperatures of most STM experiments, the junction en-
ters the dynamical Coulomb blockade regime (DCB) which
is characterised by large quantum uctuations of the phase
and the incoherent tunneling of Cooper pairs. e phase ϕ is
thus no longer a good quantum number and a breakdown of
Eq. (S10) might be expected.
A theoretical treatment of the Josephson eect in the DCB
regime leads to the following relation for the Josephson cur-
rent under AC driving [S3]:
I (V0,Vω ) =
∞∑
n=−∞
J 2n
(
2eVω
hν
)
I0
(
V0 − nhν2e
)
. (S12)
e phenomenology of Eq. (S12) and Eq. (S10) is similar in
the sense that both predict the emergence of satellite peaks
8FIG. S6. STM data acquired at increasingly high Vω in dark blue
with ts to the quasi-particle part of the spectrum according to the
Tien-Gordon equation superimposed in yellow. Curves are oset
for clarity. GN ≈ 0.06G0.
FIG. S7. Detail from Fig. S6 showing the Josephson eect at increas-
ing values of Vω . Experimental data is shown in dark blue. Super-
imposed in yellow is the model from Eq. (S12) using only the ampli-
tudes determined from the quasi-particle ts mentioned above and
a spectrum at Vω = 0 mV as input. Note that there are no free pa-
rameters in the modeling. Curves are oset for clarity.
to the Josephson current at the same oset of ~ω/2. e pro-
gression of the Josephson peak height and its replica, how-
ever, is vastly dierent in both cases and can serve as an ex-
cellent indicator that the experiment is indeed operating in
the DCB regime.
To avoid any inherent bias towards one of the models, we
extractVω independently by ing the quasi-particle part of
the spectrum using the Tien-Gordon equation (Eq. (1) of the
main body text). e resulting ts are shown in Fig. S6.
We can now aempt to model the Josephson eect using
Eq. (S12) with only the independently determined values of
Vω and a reference spectrum at zero amplitude as inputs.
FIG. S8. (a) e step height of the Josephson eect at zero bias and
its rst satellites were determined as shown by taking the dierence
between the minimum and maximum of the peak-and-dip feature in
the current trace. (b) Step height of the Josephson eect and its rst
satellite as determined by the method described in panel a) with the
value and square of the rst two Bessel functions.
e model thus contains no free parameters. e results are
shown in Fig. S7. Eq. (S12) gives an excellent description of
the experimental data. is serves as a rst indicator that the
experiment is indeed operating in the DCB regime.
Finally, we compare the step height of the Josephson fea-
ture in the current in dependence ofVω to models in Eq. (S11)
and Eq. (S12). e step height is measured by taking the dif-
ference bewteen the miniumum and maximum of the peak-
and-dip feature seen in the STM current for the Josephson
eect and its rst satellites at all values of Vω (see Fig. S8 (a)
). e experimental step height is shown in S8b) along with
the predictions from models in Eq. (S11) and Eq. (S12). It is
clear that the observed satellite peaks are not consistent with
Shapiro steps. e experiment is thus taking place in the DCB
regime where ϕ is no longer a good quantum number.
PIN CODE DETERMINATION
e Multiple Andreev-reection (MAR) model used in the
analysis of the data presented in the main body manuscript
is formulated for individual transport channels. However, a
general point contact, such as encountered in the STM, is
composed of several channels with varying transmissions.
e MAR analysis can still be applied to our data when as-
suming that the channel transmissions are constant in the
voltage window of interest and that transport channels them-
selves are independent of each other. e total current is then
9simply a sum over all transport channels.
e number N of transport channels and their respective
transmissions τj , also known as the junction PIN code, is thus
an important characteristic of any point contact. It can be de-
termined from the sub-gap structure of MARs in a junction at
high conductance. Higher order processes become increas-
ingly important as the transmission increases and it can be
shown that the prominence of the nth MAR scales with the
power of τnj [S4]. e sub-gap structure is thus highly char-
acteristic of the channel composition [S5].
FIG. S9. Experimental data (blue) and results from the PIN code
search algorithm (orange) for several contacts with dierent chan-
nel compositions. Note that the Josephson eect is not included in
the model and thus does not appear in the t curve.
We begin by extracting key parameters of the junction as
described above. We acquire a spectrum at low-conductance
and perform a t using a convolution of two densities of
states of the form of Eq. (S3) to determine ∆Tip/Sample and
ΓTip/Sample. A good description is reached with ∆Sample =
710 µeV, ∆Tip = 529 µeV, ΓSample = 1 × 10−5 eV, and ΓTip =
5.2 × 10−5 eV. ese parameters are used to model the same
junction at higher conductance. Taking care that the tip re-
mains unchanged, we gradually increase the current setpoint
and acquire a new spectrum with signicant MAR contribu-
tions. We assume the total current in the junction to be a
linear superposition of transport channels, such that [S5, 6]
ITot(V ) =
N∑
j=1
Ij (V ,τj ). (S13)
For computational eciency, we calculate a look-up table
of current traces with varying transmissions 0 < τj < 1. We
then model the total experimental current using Eq. (S13) by
summing entries in the look-up table. Owing to its partially
lled d-shell, an atomic contact of V may sustain up to ve
transport channels [S7, 8]. A ing algorithm aempts to
replicate the experimental current trace using a sum of inde-
pendent transport channels. To ensure the robustness of the
nal result, the algorithm performs a statistical search for a
global minimum by repeatedly performing the same optimi-
sation task beginning from many randomly selected starting
values for the PIN code. A representative set of ing results
and their PIN code is shown in Fig. S9.
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